To penetrate host tissues, histotoxic clostridia secrete virulence factors including enzymes to hydrolyze extracellular matrix. Clostridium histolyticum, recently renamed as Hathewaya histolytica, produces two classes of collagenase (ColG and ColH). The high-speed AFM study showed that ColG collagenase moves unidirectionally to plane collagen fibril and rebundles fibril when stalled [1] . The structural explanation of the roles for the tandem collagen-binding segment (CBDs) is illuminated by its calcium-bound crystal structure at 1. 9 A resolution (R work = 15.0%; R free = 19.6%). Activation may involve calcium-dependent domain rearrangement supported by both small-angle X-ray scattering and size exclusion chromatography. At pCa ≥ 5 (pCa = Àlog[Ca 2+ ]), the tandem CBD adopts an extended conformation that may facilitate secretion from the bacterium. At pCa ≤ 4, the compact structure seen in the crystal structure is adopted. This arrangement positions the two binding surfaces~55
A apart, and possibly ushers ColG along tropocollagen molecules that allow for unidirectional movement. A sequential binding mode where tighter binding CBD2 binds first could aid in processivity as well. Switch from processive collagenolysis to fibril rearrangement could be concentration dependent. Collagen fibril formation is retarded at 1 : 1 molar ratio of tandem CBD to collagen. Tandem CBD may help isolate a tropocollagen molecule from a fibril at this ratio. At 0.1 : 1 to 0.5 : 1 molar ratios fibril self-assembly was accelerated. Gain of function as a result of gene duplication of CBD for the M9B enzymes is speculated. The binding and activation modes described here will aid in drug delivery design.
Introduction
Tropocollagen is resistant to most proteases due to its triple-helical structure, which shields the scissile peptide bonds. Furthermore, collagen fibril is a tightly packed array of tropocollagen molecules. Consequently, bacteria have evolved collagenases that dismantle collagen fibril as weapons of infection. Most bacterial collagenases possess multiple collagen-binding domains (CBD) at their C termini (Fig. 1A) . The evolutionary advantage for this redundancy is addressed by determining the structure of the tandem CBD segment of collagenase ColG from Hathewaya histolytica (Clostridium histolyticum). Although the bacterium was recently reclassified into genus Hathewaya based on 16S rDNA sequences, it is one of the histotoxic clostridia to cause gas gangrene [2] . This structure describes the first example of how the two collagen-binding domains of a collagenase can work together to seek and anchor onto insoluble collagen fibril.
The collagen-binding domains (CBDs) of ColG (s3a, s3b), and ColH (s3), are homologs consisting of~120 amino acids (Fig. 1B) . The domains bind to soluble tropocollagen and insoluble collagen structures. Their role in binding to collagen fibril is essential in dismantling its hierarchical collagen structure [3] [4] [5] [6] . Truncation of binding segments from full-length ColH incapacitates the abilities to degrade insoluble collagen [5] . Such a truncated enzyme can only degrade solubilized collagen or gelatin (denatured collagen). Mutagenesis and collagen-binding studies mapped the binding surface of CBD2 (s3b), while NMR and small-angle X-ray scattering (SAXS) studies determined that CBD2 unidirectionally binding to C terminus of collagenous peptides [7, 8] . The studies suggested that the capability to target undertwisted regions helps the enzyme to hone in on the weakest link in collagen. Collagen fibril degradation by ColG was recently elucidated in real time using high-speed atomic force microscopy [1]. ColG first targets less ordered regions of fibril lacking D-bands. Then, ColG's tricarboxypeptidase activity appears to drive the enzymes from the fibril's C terminus to its N terminus [9] . Additionally, when ColG's motion stalled, it rebundled the fibrils [1].
Bacterial collagenases require calcium to attain both full catalytic activity and collagen-binding function. ] (pCa: 6.7-6.5)], which would allow the enzyme to be efficiently secreted [4] . Upon secretion, the linker chelates to Ca 2+ (~1.2 mM; pCa~2.9) in the extracellular matrix (ECM) to adopt a relatively rigid structure. Though it has not been shown for full-length ColG, Ca 2+ chelation triggers full-length ColH to adopt a compact structure [14] .
In this paper, sequence numbering listed for UniProt entry is used. The difference in sequence numbering stems from the presence of pre-propeptide which is absent in the mature enzyme. For example, residue 1-110 is absent in mature ColG and residue 1-40 is absent in mature ColH. Sequence numbering for ColG and ColH are of mature proteins in previous papers [7, 8, [10] [11] [12] [13] 15, 16] . For these previous papers, addition of 110 to ColG sequence will result in UniProt entry (Q9X721), and addition of 40 to ColH sequence will result in UniProt entry (Q46085).
The clostridial collagenases have been successfully used as a wound debridement for more than 50 years [17] . The intralesional injection of ColG and ColH was approved for use in the treatment of excessive connective tissue build up found in Dupuytren's contracture and Peyronie's disease [18] . Both enzymes are also used to yield human pancreatic islets required for islet transplantation [19] . In addition to therapeutic use of full-length collagenase for removal of connective tissue, the noncatalytic segments can anchor fused drugs to the site of interest. Attachment of collagen-binding segments to signal molecules reduces dosage needed and minimizes side effects. Nishi et al. first fused growth factors to PKD2-CBD (s2b-s3) to develop collagen-targeting growth factors. When injected, the collagen-targeting growth factors remained active at the site of injection for up to 10 days [20] . Systemic applications utilize fusion proteins consisting of lower affinity CBD (s3) and parathyroid hormone to treat osteoporosis [21] [22] [23] , and to prevent and treat alopecia [24] [25] [26] . However, growth factors fused to higher affinity PKD2-CBD (s2b-s3) anchored on collagen-based scaffolds, were efficacious in localized wound healing applications [27] [28] [29] . Since tandem CBD binds to collagen even tighter than PKD2-CBD, fusing growth factors to tandem CBD is expected to result in higher efficacy for localized applications [6, 30] .
Results

Structural description of tandem CBD
The crystal structure of tandem CBD consists of CBD1, which is described for the first time in this paper, and the previously described CBD2 [4, 11] . Both CBD1 and CBD2 adopt similar b-sandwich 'jelly-roll' folds composed of ten b-strands. Each domain chelates to two Ca 2+ as described [4, 11] . Overlay of 110 equivalent C a atoms showed that CBD1 and CBD2 shared a root mean square deviation (r.m.s.d.) of 0.9 A and most significantly deviated at loops with r.m.s.d. of 2.5
A. Both CBD1 and CBD2 in the tandem structure resemble the previously solved structures of CBD2 and CBD from ColH [4, 11] (Fig. 2) . The r.m.s.d. of CBD1 and the previously described CBDs is 0.22 AE 0.06 A, while the r.m.s.d. of CBD2 and the previously described CBDs is 0.24 AE 0.03 A. Betastrand A' is part of the linker that forms a short parallel b-sheet with b-strand B present only in CBD2 in the presence of Ca 2+ [4, 11] . The b-sheet is stabilized by three hydrogen bonds. In the absence of Ca 2+ , the Calcium-chelating residues (residues responsible for chelation are in red; residues responsible for positioning the chelators are in orange) and structurally important residues (green) are conserved. The collagen-binding cleft of CBD2 has been carefully mapped [4, 7, 8] . Residues that are expected to interact with collagen are highlighted in blue. One of the most critical residues for collagen interaction in CBD2, Tyr1106, is only conserved in CBD2. Beta-strand A' is only present in CBD2.
b-strand A' is absent and adopts an a-helix [4, 11] . Well-conserved Leu1007 side chain is buried in the hydrophobic pocket to position b-strand A' near bstrand B. The two hydrogen-bonding distances in CBD1 are longer than in CBD2. The side chain of Thr887 of CBD1 is pointed toward the surface to position the N terminus away from the b-strand B to disallow the formation of a hydrogen-bond. CBD1 is related to CBD2 by a pseudo twofold rotational symmetry (Fig. 3A) . Interdomain interactions consisting of four salt-bridges and three hydrogen bonds position the domains and could severely restrict rotational freedom. The collagen-binding cleft in CBD2 has been carefully mapped and based on the structural similarities, CBD1 should utilize a conserved binding pocket. The pseudo twofold symmetry axis, which is perpendicular to the plane of the page in Fig. 3A , positions the collagen-binding pockets in the tandem CBD to be~55 A apart. It is possible that pseudo twofold arrangement of CBD1 and CBD2 could be a crystallographic artifact. However, the pseudo twofold arrangement does explain the collagenolysis mechanism of ColG. Aforementioned biophysical studies presented in this paper agree with the crystallographic structure.
Influence of Ca
2+ on domain rearrangement
Calcium ions are expected to trigger domain rearrangement in full-length ColG similar to ColH [14] . The domain rearrangement of tandem CBD segment of ColG triggered by Ca 2+ binding is examined here. Reduction in apparent molecular mass monitored by size exclusion chromatography demonstrated that Ca 2+ reduces Stokes radius (Fig. 3B ). The apparent dissociation constant for the tandem CBD determined from the inflection point of the sigmoidal curve was 1.4 lM (pCa 5.8) and matched the apparent K d for CBD2 (5.0 lM; pCa 5.3) [4] . Molecular shape transformation was visualized by SAXS (Fig. 3B ). The SAXSderived envelope for tandem CBD at pCa 6 (1 lM) adopts an elongated shape. The protrusion from the envelope resembles the a-helical linker observed for apo-CBD2 [13] . Increasing Ca 2+ concentration compacts the tandem CBD. The most drastic reduction in the maximum dimension (D max ) took place between pCa 6 and pCa 5 ( Table 2) . D max for pCa 6 is likely overestimated. At pCa 4 (100 lM) the shape resembles the crystal structure except for the N-terminal a-helical linker. At pCa 3 (1 mM), the shape agrees well with the crystal structure.
The difference in Ca 2+ concentration inside H. histolytica, which is likely similar to the concentration inside Escherichia coli (0.2-0.3 lM; pCa 6.5-6.7) [31] , and host ECM (~1.2 mM; pCa~2.9) could be exploited by the bacteria to facilitate rapid secretion into the host and subsequent activation [32] . Tandem CBD is folded at all pCa values according to Kratky and Porod-Debye plots. The structural transformation of the linker between CBD1 and CBD2 is Ca 2+ dependent and results in domain rearrangement. The results also suggest that PKD-CBD1-CBD2 undergo domain rearrangement. The SAXS plots are shown together in the Method section.
Unique influence of tandem CBD on collagen fibril formation
Collagen-binding proteins retard self-assembly of collagen fibril in vitro [33] . Collagen-binding proteins with higher affinity toward collagen retard collagen fibril formation more strongly [33] . Individually, either CBD1 or CBD2 retards collagen fibril self-assembly ( Figs 4A,B) . A tighter binder, CBD2 retards fibril formation more prominently in caparison to a weaker binder, CBD1 [6] .
Previously, CBD2 was shown to bind collagen unidirectionally [7] . The similarity in binding clefts between CBD1 and CBD2 suggest that CBD1 also binds collagen unidirectionally. The orientation of collagenbinding clefts on tandem CBD would bind to parallelly oriented triple helices and thus could facilitate aligning tropocollagen molecules. Thus, we tested its potential to promote fibril self-assembly by monitoring the turbidity of mixtures of tandem CBD and collagen at 520 nm (Fig. 4C , Table 3 ). Here, we observed the first instance where a collagen-binder accelerates fibril formation. In the absence of tandem CBD (control), the lag time for fibril formation is 13.6 min as previously observed [33] . The lag time progressively shortens as tandem CBD concentration increases from molar ratios 0.1 : 1 (tandem CBD:collagen) to 0.5 : 1. At a 0.5 : 1 molar ratio of tandem CBD to collagen, the lag time is reduced to 11.8 min. At low concentrations, tandem CBD indeed aids in collagen fibril self-assembly. As concentration of tandem CBD increases to 1 : 1 molar ratio, fibril formation is retarded. As concentration of tandem CBD increases to higher than 1 : 1 molar ratio, the insoluble aggregates form. The dual role of the tandem CBD on collagen fibril assembly provides an important clue to understand how full-length ColG dismantles insoluble fibril.
Tandem CBD promoted fibril formation below 0.5: 1 molar ratio but retarded formation above 1 : 1 molar ratio. When two collagen molecules are bridged and aligned by tandem CBD, it could promote the fibril formation. A > 1 : 1 ratio could sterically interfere with fibril formation. A similar trend was found for DNA whose condensation was promoted by cations in a concentration dependent manner. Presumably cations bridged the negatively charged backbone. However at higher cation concentrations, DNA condensation was retarded. The surface of DNA molecules exhibited net positive charge and repelled each other. Molecules with higher positive charge density required lower concentration of cation to promote the DNA condensation. Therefore, multimeric CBDs with stronger affinity for collagen may require a lower concentration to promote fibril formation. We speculate that full-length ColG's change of role from rearrangement to collagenolysis 
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Collagen-binding mode
The opposing positions of the collagen-binding clefts on tandem CBD present unique modes for the domain to latch onto collagen fibril. Although collagen fibril is built from a staggered array of triple-helical tropocollagen, and is water insoluble, synthetic mini-collagen, which mimics the tropocollagen structure, is watersoluble and allows solution-based analysis of CBDcollagen interaction. Measured dissociation constants for the interaction between the individual CBDs and either mini-collagen or fibril tend to agree [6] . Tandem CBD is the tightest binder to collagen fibril, and can bind tighter than the sum of CBD1 and CBD2 individually. However, tandem CBD binds mini-collagen about as tightly as CBD2 alone [6] . Corroborating this, the SAXS-derived shapes of the CBD1-CBD2-triple helical peptide (Pro-Hyp-Gly) 10 ([(POG) 10 ] 3 ) complex and the PKD-CBD1-CBD2-[(POG) 10 ] 3 complex are consistent with a one-to-one complex, and CBD2 is positioned to interact with mini-collagen (Fig. 5) .
To construct the PKD-CBD1-CBD2-[(POG) 10 ] 3 complex, the following information was used. The difference in electron density between PKD-CBD1-CBD2 and PKD-CBD1-CBD2-[(POG) 10 ] 3 (gray and pink, respectively in Fig 5A) [8, 12] . In our complex, we reasoned that the asymmetric binding to be observed by CBD2 segment of CBD1-CBD2. SAXS envelopes previously determined for CBD2, [(POG) 10 [7, 8] . In the remaining electron density, PKD was positioned. Similarly, CBD1-CBD2 and CBD1-CBD2-[(POG) 10 ] 3 complex were constructed (gray and pink, respectively in Fig 5B) . The molecular assignments remain speculative.
The binding affinities of CBD1 and CBD2 to minicollagen suggest CBD2 initiates collagen-binding. Furthermore, the sequence alignment of multiple CBD binding segments suggests this binding strategy is conserved among the collagenases possessing tandem CBDs. While the binding clefts of both CBDs complement the curved surface of collagen (Fig. 6) , the three most critical tyrosine residues for collagen-binding in CBD2 (1080, 1104, and 1106) are conserved among CBD2s, while only two tyrosine residues 961 and 985 (equivalent to 1080 and 1104) are conserved among CBD1s (Fig. 1B) . Apparently, gene duplication of CBD required reduced functionality in the CBD1 to prevent the tandem CBD from binding too tightly to collagen fibril. The tighter binding CBD2 could initiate binding and serves the leading role, while CBD1 plays an auxiliary, yet pivotal role in intercalating between collagen molecules in collagen fibril.
The orientation of CBD1 and CBD2 in the crystal structure of tandem CBD would allow for tandem CBD to bind to two collagen molecules rather than one collagen molecule. The crystals were grown at pCa = 2.5. The Stoke radii of tandem CBD determined by size exclusion chromatography between pCa 2-4 are very similar (Fig 3) . The linker between CBD1 and CBD2 adopts a short b-strand A' which is fastened to CBD2 domain by two chelating Ca 2+ ions. The structures of the linker-CBD2 and the linker-CBD2 segment in tandem CBD are virtually identical. The crystals of CBD2 with N-side linker were grown from Ca 2+ concentrate on of 100 mM (pCa 1) [4, 11] . The Stokes radius is similar for CBD2 with its N-side linker between pCa 2-4 as well [4, 11] . The linker was insensitive to trypsin at 5 mM Ca 2+ (pCa 2.3) [13] . These results suggest that the orientation of CBD1 and CBD2 is unchanged when pCa is lower than 4.
The linker including the segment that formed bstrand A' adopts an a-helix in the absence of Ca 2+ [4, 11] . Apo-CBD2 crystals were obtained when an additional dialysis against phosphate-buffered saline was performed prior to the concentration. In solution in the absence of Ca 2+ , the linker is trypsin sensitive and not only b-strand A' but also b-strand A could be unwound [13] . Stokes radius of apo-CBD2 and those of apo-tandem CBD are nearly unchanged between pCa = 6-8. The linker between CBD1 and CBD2 is not long enough for CBD1 and CBD2 to bind to the same tropocollagen. When CBD1 and CBD2 were hypothetically positioned on the same tropocollagen, the distance between Glu1005 of CBD1 and Lys1006 of CBD2 would be estimated as 40 A. When pCa is > 6, the linker may still not be long enough for tandem CBD to interact with one tropocollagen, but it may be dynamic enough to allow for CBD1 and CBD2 to bind to two adjacent hexagonally arranged tropocollagen molecules. When pCa is smaller than 4, the orientation of CBDs allows for wedging between two parallel oriented collagen molecules.
Discussion
Working hypothesis of ColG collagenolysis mechanism
Based on SAXS work, ColG-tropocollagen interaction can be inferred but ColG's ability to bind two tropocollagen molecules remain highly speculative. Based on tandem CBD's ability to bind to fibril tighter than the sum of abilities by CBD1 and CBD2 and its unique ability to promote fibril formation, we speculate that ColG interact with one tropocollagen strongly but bind weakly to the other. High-speed atomic force microscopy visualized interplay of ColG and collagen [1] . The role of tandem CBD in ColG's activity is speculated below.
ColG flocked to disordered regions and initiated collagenolysis. The region is disrupted but tropocollagen molecules may still be oriented in parallel. The~55 A spacing of binding clefts in tandem CBD excludes the segment from reaching tropocollagen molecules within tightly packed D-periodic structure. However, the spacing would allow for it to seek either interfibrillar spaces or crevices on the surface of damaged collagen fibril. Here, the tandem CBD's role could be to intercalate into the disturbed region. High concentration of ColG may prevent fibril formation to help isolate a tropocollagen molecule. Subsequent C terminus to N terminus movement could be driven by substrate hydrolysis (Fig. 7) . Catalytic module is well suited to be located behind tandem CBD for it is a tripeptidylcarboxypeptidase [1]. The domain arrangement will allow for greater ratio of binding sites for substrate than product thus it processively moves toward the N terminus of collagen. Each CBD unidirectionally binding to collagen may keep N-side of collagen apart during polarized movement. Tandem CBD utilizes collagen molecules as railings so that catalytic assembly will remain close to the substrate. After hydrolysis the catalytic module will begin to move toward the N terminus, but tighter binding CBD2 remains on the collagen. The strain from the movement of these domains could be exaggerated by PKD, which is dynamic in the presence of Ca 2+ [34] . PKD-like domain that precedes tandem CBD does not have surface aromatic residues, and it may not interact with collagen. For other PKD-like domains (PKD1 and PKD2) that precedes single CBD have multiple surface aromatic residues that could aids in collagen-binding although PKD2 by itself does not bind to collagen [5] [10]. The role of PKD-like domain could be a spacer as it is not found in some of the collagenases (Fig 1a) , and the linker between collagenase module (CM)-PKD is highly dynamic [3] . The N-terminal linker of CBD1 is solvent exposed and exhibited high-B factors. The linker would be four-amino-acid long and may allow for some flexibility between PKD and CBD1. When enough strain is built the CBD2 is dislodged from the collagen and slides toward N terminus.
When ColG was stalled, it isolated collagen fibrils and rearranged them to thicken neighboring fibrils [1].
Enzymes benefits from destabilizing substrate to carry out hydrolysis, but ColG apparently can stabilize its substrate. The tandem CBD can facilitate collagen fibril formation but only at low concentration. The benefit for a collagenase's counterintuitive function is speculated. When ColG encountered tropocollagen molecules that are not oriented in parallel, tandem CBD may not be able to bind to two tropocollagen molecules to processively hydrolyze its substrate. ColG's ability to reorient collagen to fibrillar form may allow for efficient collagenolysis. ColG's ability to stabilize collagen could become beneficial in that context.
Degradation of collagen-based bio-scaffold
Walton et al. [35] described the enzymatic degradation of four types of collagen films by matrix metalloproteinase 1 (MMP1). The films are made of either tropocollagen or atelocollagen that adopted either fibrillar or afibrillar forms. The film made of tropocollagen was more resistant to MMP1 than that made of atelocollagen. Telopeptide is present in tropocollagen but not in atelocollagen. Hydroxylysine residues of aminotelopeptide crosslink tropocollagen molecules by forming hydroxylysinonorleucine bonds. The bond is acid labile, but in neutral pH, the crosslink reforms to stabilize both the reconstituted collagen fibril and afibril collagen [36] . Crosslinking of tropocollagen strengthens films and became resistant to MMP1 [36] . A film made of afibrillar collagen (either using atelocollagen or tropocollagen) was more resistant to collagenolysis than a film made of fibrillar collagen by MMP1. In fibrillar collagen, the unique cutting site for MMP1 would be found in the adjacent tropocollagen, but the cutting site would not be found nearby in afibrillar collagen. Strategy for degradation by MMP1 and by clostridial collagenase differs [1] . In contrast, MMP1 is not able to rearrange collagen [1] . ColG is less specific about where to begin collagenolysis and it is a processive tripeptidylcarboxypeptidase unlike MMP1. In afibrillar collagen, collagen molecules are believed to be randomly oriented. Tandem CBD may allow for processivity for ColG in fibrillar tropocollagen but not for tropocollagen in afibrillar form. Although it has not been demonstrated, ColG is expected to be able to efficiently degrade atelocollagen in afibrillar form.
Applications of tandem CBD for drug delivery
Bacterial collagenase equipped with tandem CBD may have evolved to initiate destruction from the most vulnerable regions in collagen. The bacterial CBD evolved to seek vulnerable region could anchor fused growth factors to the site of lesion, which minimizes dosage and side effects [20, [27] [28] [29] . For example, the median surface-to-surface distance between fibers in normal skin is only~32 A. However, the interfibrous space widens to~60
A in regenerating skin [37] . Meanwhile loss of two microfibrils from the surface of fibril could also generate an~60
A gap [1] . The binding and activation modes described here have aided in drug design. The fusion protein of basic fibroblast growth factor and tandem CBD yielded the highest capacity to induce callus formation in the mice fracture model [30] .
Methods
Production, purification, crystallization, and structure determination Individual CBD1, CBD2, CBD1-CBD2, PKD-CBD1-CBD2 derived from the H. histolytica ColG were expressed as glutathione S-transferase-fusion proteins using method as described previously [5] . Initial conditions suitable to grow crystals of tandem CBD were identified by highthroughput screen (Hampton Research Crystal Screen HT). Subsequent crystallization trials using the initial conditions were carried out using the hanging-drop method. Crystals of tandem CBD, obtained in the presence of 21-26% polyethylene glycol 3350, 0.1 M HEPES pH 7.5, 3 mM calcium chloride, were orthorhombic (space group, P2 1 2 1 2 1 ), with cell parameters a = 51. 5 A, b = 54.7 A, c = 92.0 A. The crystals grew within 24 h in 37°C but did not grow at lower temperatures. The crystals were temperature sensitive and could not withstand cryogenic temperatures. Therefore, diffraction data were collected by means of in-house X-ray facility at room temperature to 1. 9 A resolution using a Rigaku 007 generator with Cu Ka radiation. The datasets were processed with d*TREK [38] . The structure was solved with the molecular replacement program MolRep from the CCP4 package, by using CBD2 (PDB code 2O8O) as the search model [39] . Two molecular replacement solutions were found in an asymmetric unit; and therefore, V M was 2.5 A 3 /Da and solvent content was 50% [40] . Refinement of the tandem CBD was carried out using Refmac_6.1.13 [39] . TLS restraints were applied to mainchain atoms with each CBD acting as a TLS group. Babinet scaling was used for bulk solvent correction. Five percent of the data were set aside to monitor R free . The models were manually adjusted between each refinement cycle using MIFit [41] . Alternate conformations were built for Lys928, Glu1055, Tyr1080, and Arg1115. The Ramachandran plot for the final structure obtained with the RCSB validation server showed 91% of the residues in the core region and 9% in the additionally allowed region, with none in the generously allowed or disallowed regions [42] . The final refinement statistics are shown in Table 1 .
Small-angle X-ray scattering
Suitable buffer conditions for SAXS measurements were identified using Native-PAGE. For the pCa (Àlog [Ca 2+ ])
analysis the tandem CBD was initially equilibrated into 10 mM HEPES, 100 mM NaCl, 2% glycerol, and measured quantity of CaCl 2 and 0.2 mM total EGTA that achieved pCa values of 3, 4, 5, or 6. The amount of Ca 2+ needed to reach a given pCa was determined using MAXCHELATOR [43] . In each case, the final pH was 7.5. To analyze the complex of [(POG) 10 ] 3 and PKD-CBD1-CBD2, the mini-collagen was dissolved in 10 mM acetic acid to reach a concentration of 5 mgÁmL À1 and then stored at 4°C for 24 h. Then a 1 : 1 complex of mini-collagen and PKD-CBD1-CBD2 in 50 mM HEPES, 100 mM NaCl, and 5 mM CaCl 2 (final pH 7.5) was incubated at 4°C overnight, and then equilibrated into the above buffer. SAXS measurements were completed for three . All SAXS data were collected at 10°C at the Advanced Light Source at Berkley National Lab (SIBYLS beamline, 12.3.1) using a Pilatus 2M detector [44, 45] . Sample to detector distance was 1.5 m, and X-ray wavelength was 1.127
A. All data processing was accomplished using PRIMUSQT from the ATSAS 2.6.1 (pCa analysis) or ATSAS 2.8.0 (PKD-CBD1-CBD2: [(POG) 10 ] 3 complex and CBD1-CBD2: [(POG) 10 ] 3 complex) software package. Data from the concentration gradient that were not affected by either aggregation or detector saturation were extrapolated to infinite dilution (Figs 8-10) . Determination of the radius of gyration (R g ), maximum diameter (D max ) as well as ab initio shape reconstruction of the extrapolated data for each model was carried out using the DAMMIF function in PRIMUSQT [46] . The DAMMIF calculations were ran 10 times then the resulting envelopes were averaged and filtered using DAMAVER and DAMFILT. The envelopes shown in Figs 3B and 5 were generated using MOLMAP in CHI-MERA [47] . The v values calculated at the end of each run indicated the agreement between the calculated scattering curve and the experimental scattering curve. The R g , D max , v, and normalized special discrepancy (NSD) values for each model are summarized in Table 2 . PRIMUSQT was used for visualization and initial analysis of scattering data. The Kratky and Porod-Debye plots were used to analyze for protein flexibility (Figs 8-10 ).
Collagen fibril formation
The impact of addition of tandem CBD, CBD1 by itself, and CBD2 by itself on self-assembly of collagen molecules was monitored by measuring turbidity as an increase in optical density at 520 nm, at 37°C (Fig. 4) . On ice, a solution of 2 mgÁmL À1 of rat tail type I collagen was diluted with 40 mM HEPES buffer pH 7.5, with addition of 300 mM NaCl, 2 mM CaCl 2 , to final concentration of 0.5 mgÁmL À1 (1.7 lM). In the next step, CBD was added in the following molar concentration ratios: 0.1 : 1; 0.2 : 1; 0.3 : 1; 0.5 : 1; 1 : 1. The turbidity measurement was taken in 96-well plates with 1-min intervals with a Corona SH-9000 microplate reader (Corona Electric, Ibaraki, Japan). From the turbidity curve the following parameters were estimated t lag -time at the end of lag phase, maximum turbidity, and V the maximum fibril growth rate (Table 3) . Retardation of collagen fibril formation by CBD2 was as expected [33] . 
Domain organization and phylogenetic analysis of collagenase
Three kinds of domains, a CM, polycystic kidney diseaselike domain(s) (PKD) and collagen-binding domain(s) (CBD), were identified in clostridial collagenases using blastp server at National Center of Biotechnology Information, US National Library of Medicine. The copy numbers of the PKDs and CBDs vary from none to two and one to three, respectively. In order to investigate the evolutionary relationships of these enzymes, phylogenetic trees were constructed by using amino acid sequences of CMs excluding positions with indels. The neighbor-joining trees were made with Poisson-correction distance [48, 49] . Bootstrap replications were carried out 2000 times. 
Analytical size exclusion chromatography
Size exclusion chromatography was performed at room temperature on a HPLC system equipped with a Superdex 75 column (1 9 30 cm; Pharmacia, London, UK) at a flow rate of 0.5 mLÁmin À1 as described [4] . The following proteins were used as molecular mass standards: bovine serum albumin, 67.0 kDa; chicken ovalbumin, 43.0 kDa; and 
